INTRODUCTION {#h0.0}
============

The tubulin homologue FtsZ is the major bacterial cytoskeleton protein. *In vivo*, it forms 4- to 5-nm-thick and 40- to 120-nm-long filaments ([@B1], [@B2]) that assemble into an annular structure called the Z-ring, which is positioned at midcell underneath the cytoplasmic membrane and is required for cytokinesis. Filament turnover relies on polymerization/depolymerization cycles, during which GTP binding triggers head-to-tail association of FtsZ subunits and GTP hydrolysis causes dissociation of the polymers ([@B3]). These filaments act as scaffolding elements for the recruitment of various division proteins, including proteins in charge of FtsZ association with the cytoplasmic membrane, FtsZ filament organization, cell wall growth and remodeling, chromosome dimer resolution, membrane fission, and cell separation ([@B3][@B4][@B5]).

Beyond having a scaffolding function, FtsZ is most likely involved in the generation of the constrictive force required for cytokinesis ([@B3]). One model proposes that the Z-ring undergoes constriction through a sliding motion between FtsZ filaments ([@B6], [@B7]). Another model proposes that continued constriction arises from the combination between FtsZ polymerization/depolymerization cycles and membrane bending induced by the curvature of nucleotide-bound FtsZ filaments ([@B8][@B9][@B11]). This model does not exclude the contribution of cell wall synthetic and remodeling enzymes to cytokinesis. Indeed, it is likely that the septal ingrowth of the cell wall pushes against the cytoplasmic membrane, contributing to the force required for invagination and to the stabilization of small local membrane constrictions ([@B2], [@B12]). Conversely, the constriction of FtsZ filaments will likely influence the kinetics of cell wall remodeling.

An important aspect of these models remains largely uncertain, namely, the structure adopted *in vivo* by FtsZ filaments at the nanoscale level. For many years since its initial observation by conventional fluorescence microscopy ([@B13]), the FtsZ macromolecular assembly has been modeled as a closed ring. Two electron cryotomography studies performed on *Caulobacter crescentus* and *Escherichia coli* cells provided controversial data, one showing loosely scattered bands of FtsZ protofilaments that support a model in which the Z-ring is discontinuous ([@B2]) and the other showing filament doublets that support the closed-ring hypothesis ([@B7]). In parallel, photoactivated localization microscopy (PALM) experiments performed with *E. coli* and *C. crescentus* suggested that the Z-ring displays regions of varied densities and that the high-density regions are made of heterogeneous clusters of stationary, and therefore most likely polymerized, FtsZ molecules ([@B14][@B15][@B16]). In addition, these studies suggested that the FtsZ filaments most likely adopt a loose and overlapping three-dimensional (3D) arrangement in the high-density regions. Finally, 3D structured illumination microscopy (SIM) showed that the Z-rings in *Bacillus subtilis*, *Staphylococcus aureus*, and *Streptococcus pneumoniae* display a bead-collar-like structure, with the beads representing regions of high densities of FtsZ molecules ([@B17], [@B18]). All these studies suggest that the Z-ring might not form a packed and continuous ring but might rather be made of a heterogeneous arrangement of loose protofilament clusters. However, many questions remain open, in particular regarding the rearrangement of the filament clusters and the remodeling of the Z-ring throughout the division cycle. Recently, a high-throughput PALM study has allowed imaging of the nanostructure of the Z-ring at different stages of the *C. crescentus* cell cycle ([@B19]). Very few continuous rings were observed at all stages of the cell cycle, thus supporting a model in which the Z-ring is made of sparsely distributed patches of FtsZ filaments throughout the cell division process. In addition, the axial and radial thicknesses of the Z-ring were found to be approximately constant during constriction, with mean values of 71 nm and 64 nm, respectively.

These first superresolution studies provided important insights into the *in vivo* organization of the Z-ring, but the understanding of the general mechanisms of assembly and constriction now requires a nanoscale description of the Z-ring in other bacterial morphogenetic models.

Ovococci form a morphological group that includes several human pathogens (enterococci and streptococci). Their shape results from two modes of cell wall insertion, one allowing division by synthesizing a cross wall perpendicular to the main axis of the cell (septal synthesis) and another one allowing limited elongation by synthesizing the cell wall in restricted regions flanking the division site (peripheral synthesis). Since MreB is absent in ovococcal bacteria, both the division and the elongation machineries rely on the Z-ring to position the sites of cell wall synthesis at midcell ([@B20], [@B21]). Despite the central role of the Z-ring in ovococci, little is known regarding its architecture. The pneumococcal Z-ring appears as a bead-like single ring by 3D SIM ([@B17], [@B22], [@B23]), but we still lack structural details at the nanoscale level to understand how it controls the scaffolding of the growth and division machineries throughout the cell cycle.

Here, we report the investigation by PALM of the nanostructure of FtsZ in the ovococcal human pathogen *S. pneumoniae*. After modification of the photoconvertible fluorescent protein (PCFP) Dendra2, we imaged the Z-ring nanostructure at different stages of the bacterial cell cycle, using a strain expressing a single copy of FtsZ labeled at the native locus. In support of previous observations of bacteria with different shapes ([@B2], [@B16], [@B18], [@B19]), our images show that the Z-ring in ovococci is made of heterogeneous clusters of protofilaments at the division site. Our data also reveal a previously uncharacterized dynamic axial rearrangement of the Z-ring during constriction and the presence of double septal Z-rings in a fraction of the cell population. These observations are integrated into a model describing the nanostructural progression of the Z-ring throughout the pneumococcal cell cycle.

RESULTS {#h1}
=======

Engineering of a functional FtsZ-Dendra2 fusion for *S. pneumoniae*. {#s1.1}
--------------------------------------------------------------------

To preserve interactions between FtsZ's C-terminal region and its partners ([@B4], [@B24], [@B25]), we first tested the expression of an FtsZ N-terminal fusion to the PCFP Dendra2. Dendra2 emits green fluorescence before photoconversion, a property that allowed checking its expression by epifluorescence before starting the PALM experiments. In addition, Dendra2 is monomeric, which induces minimal perturbations to the labeled target, and displays low blinking levels ([@B26], [@B27]), which facilitates accurate counting of single molecules.

In order to minimally impact the Z-ring assembly and decorate the ring with only a few fluorescent markers, Dendra2-FtsZ was first expressed under the control of a zinc-inducible promoter at the ectopic site of *bgaA* in *S. pneumoniae*. As illustrated in [Fig. 1A](#fig1){ref-type="fig"}, no signal could be detected using epifluorescence. Analysis of the expression level of Dendra2-FtsZ showed that it was expressed at levels too low to be measured by immunodetection ([Fig. 1B](#fig1){ref-type="fig"}). To solve this problem, we designed a synthetic Dendra2 gene harboring codons optimized for expression in *S. pneumoniae* (the spDendra2 gene) (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). In addition, we replaced the N and C termini of Dendra2 with the N and C termini of the green fluorescent protein (GFP) ([Fig. S1B](#figS1){ref-type="supplementary-material"}), a strategy known to confer better stability to red fluorescent proteins of anthozoan origin ([@B28]). Efficient expression of the fusion protein between FtsZ and spDendra2 (spDendra2-FtsZ) was revealed by Western blotting ([Fig. 1B](#fig1){ref-type="fig"}) and confirmed by the observation of a bright fluorescence signal localized at the *S. pneumoniae* division site ([Fig. 1A](#fig1){ref-type="fig"}). The similarity between the localization patterns of spDendra2-FtsZ and GFP^+^-FtsZ ([@B29]) and FtsZ immunolocalization patterns ([@B30]) suggests that the N-terminal spDendra2 label does not impair the localization pattern of FtsZ. However, attempts to delete the native *ftsZ* gene in this strain failed, most probably because the expression level of ectopic spDendra2-FtsZ is too low to complement an *ftsZ* deletion ([Fig. 1B](#fig1){ref-type="fig"}).

![Development of spDendra2 for PALM studies of *S. pneumoniae*. Live cells expressing the ectopic Dendra2-FtsZ (D2-FtsZ) or spDendra2-FtsZ (spD2-FtsZ) fusions were visualized at an OD~600~ of 0.3 using conventional microscopy. Dendra2 and spDendra2 green epifluorescence, phase-contrast, and merged images are shown. Scale bars = 1 µm. (B) Expression levels of native FtsZ (FtsZ) and of ectopic Dendra2-FtsZ (D2-FtsZ) and spDendra2-FtsZ (spD2-FtsZ) fusions in strains R6 (left lane), spCM18 (middle lane), and spCM72 (right lane). Samples of cultures were harvested at an OD~600~ of 0.3 for the preparation of protein extracts. Equivalent amounts of total proteins for each sample were separated by SDS-PAGE, blotted to membranes, and analyzed by immunoblotting using anti-FtsZ serum. Positions of molecular mass markers are indicated by the numbers (in kilodaltons) to the left of the blots.](mbo0041524340001){#fig1}

We then considered designing an N-terminal spDendra2-FtsZ fusion at the native *ftsZ* locus under the control of the native promoter. The reporting of a functional endogenous C-terminal FtsZ-GFP^+^ fusion by Fleurie and company ([@B31]) prompted us to instead construct a strain expressing a C-terminal FtsZ-spDendra2 fusion. This endogenous FtsZ-spDendra2 fusion displays a septal fluorescence signal that is very homogeneous among the pneumococcal population ([Fig. 2A](#fig2){ref-type="fig"}), and immunodetection was used to show that the levels of FtsZ-spDendra2 expressed were similar to endogenous levels in wild-type cells ([Fig. S1C](#figS1){ref-type="supplementary-material"}). In addition, the wild-type growth rate and cell length distributions ([Fig. S1D](#figS1){ref-type="supplementary-material"} and [E](#figS1){ref-type="supplementary-material"}) displayed by this strain indicate that the endogenous FtsZ-spDendra2 fusion assembles as a contractile ring, does not impair the cell division process, and is therefore functional.

![FtsZ displays specific septal patterns in fixed *S. pneumoniae* cells. Pneumococcal cells expressing an endogenous FtsZ-spDendra2 fusion (spMJ40) (A) or free spDendra2 in their cytoplasm (spMJ33) (B) were fixed and imaged at an OD~600~ of 0.3. Bright fields (a) and reconstructed PALM images (b) are shown. Red arrowheads point at cells in one of the three stages described in [Fig. 3](#fig3){ref-type="fig"} or at a cell displaying a double ring (DR) of FtsZ as illustrated in [Fig. 6](#fig6){ref-type="fig"}. Gray-boxed inset images are 5-fold magnifications of one predivisional PALM pattern displayed in panel b. Dashed gray lines represent the periphery of the cell. Scale bars = 2 µm.](mbo0041524340002){#fig2}

spDendra2 is a functional PCFP for PALM studies of *S. pneumoniae.* {#s1.2}
-------------------------------------------------------------------

PALM images were collected under wide-field illumination of fixed and live pneumococcal cells expressing FtsZ-spDendra2 (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental materials and see details in Materials and Methods below). We obtained an average localization precision of 22 ± 3 nm, and the spatial resolution of the reconstructed PALM images was estimated to be \~38 nm (Nyquist-limited resolution).

In order to determine the counting efficiency of spDendra2 fused to FtsZ, we measured the total amount of FtsZ molecules using immunodetection and compared it to the average number of FtsZ-spDendra2 molecules imaged by PALM. Using immunodetection ([Fig. S2E](#figS2){ref-type="supplementary-material"}), FtsZ was found to be present at 3,500 ± 800 molecules per cell, which is in the same range as the \~3,000 molecules previously reported for *S. pneumoniae* Rx1 ([@B32]). Quantitative analysis of the PALM images provided an average number of 670 ± 240 imaged molecules per cell (*n* = 217). The ratio of imaged FtsZ-spDendra2 molecules with respect to the estimated cellular copy number is therefore \~20%, which can be accounted for by limited photoconversion efficiency, residual protein misfolding, or improper chromophore maturation in the anaerobic *S. pneumoniae* bacterium ([@B33], [@B34]). Overall, these results demonstrate that spDendra2 is a PCFP well suited for PALM studies of *S. pneumoniae*.

Pneumococcal FtsZ displays specific patterns throughout the cell cycle. {#s1.3}
-----------------------------------------------------------------------

The Z-ring is a highly dynamic structure undergoing constant renewal due to the rapid exchange between polymerized FtsZ molecules assembled in the ring and monomeric FtsZ molecules ([@B14], [@B35][@B36][@B37]). In order to trap and visualize Z-ring nanostructures at all stages of cell division, including hypothetical structures of a short-lived nature, we fixed ensembles of pneumococcal cells growing asynchronously and collected PALM images. The homogeneous labeling provided by the endogenous FtsZ-spDendra2 fusion over the whole pneumococcal population ([Fig. 2A](#fig2){ref-type="fig"}) indicated that our fixation conditions preserved Z-ring assembly at midcell and allowed us to extract meaningful data at all stages of the cell cycle. Importantly, cells expressing free spDendra2 ([Fig. 2B](#fig2){ref-type="fig"}) did not show enriched fluorescence signals at midcell, confirming that the structured patterns observed in cells expressing the fused version specifically result from the assembly of FtsZ into Z-rings.

Based on the measurement of the Z-ring diameter and FtsZ-spDendra2 localization, we classified the pneumococcal cells into three classes representative of the main FtsZ PALM patterns observed throughout the cell cycle ([Fig. 3A](#fig3){ref-type="fig"} and [S3](#fig3){ref-type="fig"}). The first class (stage i), which represents 57% of the entire cell population (*n =* 217), corresponds to cells that do not show apparent constriction in bright-field images and cells in which the Z-ring displays a diameter ranging from 1,200 to 700 nm. In this category of cells, the ring displays a heterogeneous FtsZ distribution. The second class (stage ii, 24% of the cell population) contains cells showing a clear constriction in bright-field images and cells in which the Z-ring displays a diameter ranging between 800 and 450 nm. At this stage, the Z-ring appears brighter, less heterogeneous, and thicker. In the third class (stage iii, 15% of the cell population), FtsZ molecules disassemble from the parental division site and start reassembling at the division sites of the future daughter cells. The diameter of the parental Z-ring in these cells is smaller than 450 nm. At stage iii, the FtsZ clusters become visible again in the parental ring and the two new Z-rings assembling at the future division sites of the daughter cells look similar to those observed at stage i. Finally, 4% of the cells surprisingly display double Z-rings, which will be described in a separate section.

![PALM images of representative patterns of the Z-ring throughout the pneumococcal cell cycle. Typical pneumococcal cells expressing the endogenous FtsZ-spDendra2 fusion (spMJ40) (A and C) or the ectopic spDendra2-FtsZ fusion (spCM72) (B) were classified into three stages defined by the diameter of the Z-ring, the cell length, and the distributions of FtsZ at the division site of the mother cell and the division sites of the two daughter cells. Cells were either fixed (A and B) or directly imaged (C) at an OD~600~ of 0.3. Bright-field (a), diffraction-limited (b), and reconstructed PALM (c) images are shown. Scale bars = 250 nm.](mbo0041524340003){#fig3}

Consistently with the idea that the presence of the spDendra2 label does not impair the structure of the Z-ring, the same PALM nanostructures could be visualized when the native Z-ring was decorated with the ectopic spDendra2-FtsZ fusion ([Fig. 3B](#fig3){ref-type="fig"} and [S4A](#figS4){ref-type="supplementary-material"}). Similar PALM nanostructures were also observed in live pneumococcal cells ([Fig. 3C](#fig3){ref-type="fig"} and [S4B](#figS4){ref-type="supplementary-material"}), indicating that the patterns observed in fixed cells were not significantly modified by paraformaldehyde fixation.

A quantitative analysis of our PALM data show that, at stage i, the total number of imaged FtsZ-spDendra2 molecules per cell (*n =* 125) was 600 ± 200, while 300 ± 60 molecules were imaged at midcell. At stage ii, the total number of FtsZ-spDendra2 molecules and the number of septal FtsZ-spDendra2 molecules imaged per cell (*n =* 51) were estimated to be 700 ± 250 and 300 ± 80, respectively. Assuming a homogeneous efficiency of counting of spDendra2 molecules throughout the imaging field of view, we conclude that about 50% and 42% of FtsZ molecules are present in the ring at stages i and ii, respectively. Due to the ovoid shape of the pneumococcus, the majority of the cells lie along their longitudinal axis, with the septal plane perpendicular to the microscope slide. Most of the Z-rings are therefore imaged on their side, and the observed patterns result from the 2D projection of the ring along the radial axis of the pneumococcal cells, obscuring the exact FtsZ distribution. Thus, the number of detected molecules in these rings might be underestimated by the fact that the diameter of the Z-rings at stage i is larger than the depth of field (DOF) of our microscope objective (\<700 nm).

Pneumococcal FtsZ forms a clustered ring-like structure at midcell. {#s1.4}
-------------------------------------------------------------------

At all stages of the cell cycle, the PALM images reveal an irregular Z-ring structure made of large regions displaying high fluorescence intensity alternating with regions of low fluorescence intensity ([Fig. 3](#fig3){ref-type="fig"} and [4A](#fig4){ref-type="fig"}, and see [Fig. S3](#figS3){ref-type="supplementary-material"} and [S5](#figS5){ref-type="supplementary-material"} in the supplemental material). Cluster analysis of stages i to iii using DBSCAN ([@B38]) shows the presence of FtsZ clusters within the ring at all stages of constriction ([Fig. 4B](#fig4){ref-type="fig"}). To get a more accurate view of these FtsZ clusters, we took advantage of the tilted orientation of some chained cells, in which we could observe tilted Z-rings ([Fig. 4A](#fig4){ref-type="fig"}, panel iv, and [Fig. S5](#figS5){ref-type="supplementary-material"}). The diameter of the Z-ring in all these cells is larger than 800 nm, indicating that they belong to predivisional stage i. These tilted cells allow observation of Z-rings in a pseudo-3D manner at a resolution that exceeds that typically featured by 3D PALM using, e.g., the astigmatism method ([@B39]). In addition, the Z-ring shown in [Fig. 4A](#fig4){ref-type="fig"} (panel iv) is tilted by around 90° and is therefore completely encompassed within the depth of field of our microscope objective. Cluster analysis of this tilted Z-ring using DBSCAN indicates that it contains 28 FtsZ clusters ([Fig. 4B](#fig4){ref-type="fig"}), in which between 7 and 135 FtsZ-spDendra2 molecules are imaged. On the other hand, the low-intensity regions and the cytoplasm contain discrete molecules. DBSCAN analysis of the Z-rings that are tilted by less than 90° ([Fig. S5](#figS5){ref-type="supplementary-material"}) indicates that they contain similar densities of clusters, except in regions located outside the depth of field of the objective.

![The pneumococcal Z-ring is made of heterogeneous clusters. (A) Reconstructed PALM image of the Z-ring in fixed cells expressing the endogenous FtsZ-spDendra2 fusion at stages i, ii, and iii or in a tilted orientation (iv). Scale bars = 250 nm. (B) Cluster analysis of the PALM images shown in panel A using the DBSCAN algorithm ([@B38]). Different colors are used to visualize the different clusters. Nonclustered molecules are shown as black dots. (C) Cluster analysis of simulated PALM imaging of continuous and homogeneous Z-rings. The cluster diameter threshold was set at 22 nm.](mbo0041524340004){#fig4}

In order to exclude the hypothesis that the observed granular arrangement of the Z-ring results from a reconstruction artifact, we simulated PALM images of spDendra2 molecules homogeneously distributed within areas representing 2D projections of Z-rings typical of cells at stages i, ii, and iii or viewed in a tilted orientation. A copy number of spDendra2 molecules equivalent to the experimental mean number of imaged molecules in the rings was used, and the simulation took into account multiple factors that influence the final PALM images, including the fluorescence background level and the photophysical behavior of spDendra2 that we extracted from the real data ([@B26]). Cluster analysis of the simulated PALM images using DBSCAN parameters equivalent to the ones that we used to analyze the experimental data show the quasi-absence of clusters in the simulated reconstructed rings ([Fig. 4C](#fig4){ref-type="fig"}). Thus, we conclude that the experimental FtsZ clusters imaged in the pneumococcal Z-rings are most likely real.

The pneumococcal Z-ring thickens during constriction. {#s1.5}
-----------------------------------------------------

Interestingly, during late division, when the Z-ring shows a clear constriction, the Z-ring appears thicker, brighter, and more homogeneous than during early division ([Fig. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [S3](#figS3){ref-type="supplementary-material"}). We can, however, still visualize FtsZ clusters at this stage ([Fig. 4B](#fig4){ref-type="fig"}).

We measured the axial thickness of the Z-ring in cells at early (Z-ring diameter larger than 800 nm) and late (Z-ring diameter smaller than 700 nm) division stages ([Fig. 5A](#fig5){ref-type="fig"}). We obtained mean axial thickness values of 95 ± 12 nm (*n =* 65) and 127 ± 18 nm (*n =* 64) for early and late divisional Z-rings, respectively ([Fig. 5C](#fig5){ref-type="fig"}), revealing a 32-nm thickening of the ring upon constriction. The number of imaged septal FtsZ-spDendra2 molecules in early and late divisional cells (300 ± 60 and 300 ± 80, respectively) ([Fig. 5B](#fig5){ref-type="fig"}) indicates that neither the higher brightness nor the increased axial thickness of the Z-ring at stage ii is due to the recruitment of additional FtsZ-spDendra2 molecules.

![The Z-ring's axial thickness increases during constriction. (A) Mean values for the Z-ring diameter (A), the number of imaged septal FtsZ molecules (B), and the Z-ring's axial thickness (C) are reported for fixed cells in the early (Z-ring diameter \> 800 nm \[dark gray\]) or late (Z-ring diameter \<700 nm \[black\]) divisional stage. During constriction, the Z-ring's axial thickness increases by \~32 nm while the number of imaged FtsZ-spDendra2 molecules at the division site shows no significant variation. Error bars represent standard deviation values.](mbo0041524340005){#fig5}

Based on Z-ring dimensions ([Fig. 5A](#fig5){ref-type="fig"} and [C](#fig5){ref-type="fig"}), we calculated the area of the 2D projection of the Z-ring along the radial axis and obtained mean area values of \~90 × 10^3^ nm^2^ and \~80 × 10^3^ nm^2^ for early and late division rings, respectively. This observation indicates that despite the 32-nm increase of the Z-ring thickness, the area of the 2D projection of the ring decreases during constriction, which is why the Z-ring appears brighter at stage ii.

FtsZ displays double-ring patterns. {#s1.6}
-----------------------------------

Unexpectedly, 4% of cells in the reconstructed PALM images display double Z-rings at midcell ([Fig. 6](#fig6){ref-type="fig"} and [S6A](#figS6){ref-type="supplementary-material"}), separated by variable distances, ranging from \~50 to \~300 nm, with an average distance of 164 ± 72 nm (*n =* 16). The absence of curvature of the double rings and the lack of signal connecting them indicate that they do not correspond to the two halves of tilted Z-rings. In order to determine whether double rings result from artifactual step motions of the cells during data collection, we split the PALM data set into two consecutive subsets and reconstructed the corresponding PALM images. The double Z-rings could be visualized in the two data subsets, indicating that they correspond to a real localization pattern of FtsZ. Double Z-rings could be observed in fixed and live cells expressing the endogenous FtsZ-spDendra2 fusion or the ectopic spDendra2-FtsZ fusion ([Fig. 6A](#fig6){ref-type="fig"} to [C](#fig6){ref-type="fig"}), suggesting that they are due neither to a fixation artifact nor to a loss of function caused by C- or N-terminal fusions of spDendra2 to FtsZ. Overall, the double Z-rings may result from a biologically significant assembly of two spatially separated Z-rings at midcell.

![Pneumococcal FtsZ displays double-ring patterns. Pneumococcal cells expressing the endogenous FtsZ-spDendra2 fusion (spMJ40) (A and C) or the ectopic spDendra2-FtsZ fusion (spCM72) (B) were either fixed (A and B) or directly imaged (C) at an OD~600~ of 0.3. Bright-field (a), diffraction-limited (b), and reconstructed PALM (c) images are shown. Scale bars = 250 nm.](mbo0041524340006){#fig6}

We never observed any double Z-ring at the peripheral sites of stage iii cells. In addition, the observed cells do not show any visible constriction and the double Z-rings display diameters of 850 ± 100 nm ([Fig. S6B](#figS6){ref-type="supplementary-material"}). A total number of 300 ± 90 FtsZ-spDendra2 molecules were imaged in the double Z-rings ([Fig. S6C](#figS6){ref-type="supplementary-material"}), indicating that, overall, they contain the same amount of FtsZ molecules as single predivisional rings. These observations suggest that the double-Z-ring structures may correspond to short-lived intermediates between stages i and ii, possibly due to splitting of the initial Z-ring.

DISCUSSION {#h2}
==========

We have employed PALM to study the nanostructure of FtsZ in a pathogenic ovococcoid bacterium, *S. pneumoniae*. To that purpose, we have designed spDendra2, a PCFP whose gene was codon optimized for this bacterium, and we have used a bacterial strain expressing a single copy of the endogenous *ftsZ* gene. Besides supporting a patchy band model for the assembly of FtsZ molecules at the division site, our data provide details into the remodeling of the Z-ring during the cell cycle of ovococci.

FtsZ forms heterogeneous clusters at midcell in bacteria with different shapes. {#s2.1}
-------------------------------------------------------------------------------

Two main models have been proposed for the spatial organization of the Z-ring ([@B12]). The first one proposes that FtsZ molecules form a continuous ring at midcell. This model is supported by the capacity of FtsZ filaments to bundle *in vitro* and by the observation of continuous Z-rings reconstituted in artificial lipid tubules ([@B7], [@B25], [@B40]). The second model, called the "patchy band" or "bead-like" model, proposes that short FtsZ protofilaments are loosely arranged within discrete clusters at midcell. This model was suggested by 3D SIM experiments performed with *B. subtilis* and *S. aureus* and supported by PALM studies performed with *E. coli* and *C. crescentus* ([@B16], [@B18], [@B19]), but it has not been investigated in detail with ovococci. In addition, the large majority of these studies used merodiploid bacterial strains expressing the native copy of FtsZ and a fluorescently labeled ectopic copy, an experimental condition that may have induced division defects and led to the observation of structural artifacts. In our work, we have imaged in parallel the Z-ring in a merodiploid strain and in a strain expressing a single labeled FtsZ copy expressed at wild-type levels under the native FtsZ promoter. Our PALM images reveal the highly granular assembly of FtsZ, particularly visible in predivisional septal and peripheral Z-rings at stages i and iii, respectively, which is in contrast to the homogeneous and smooth appearance of the pneumococcal Z-ring usually obtained by conventional fluorescence microscopy ([@B29]). At stage ii of the cell cycle, FtsZ clusters are still present but are less dispersed within the ring. The similarity between the granular aspect obtained with the pneumococcal strains expressing the ectopic or the endogenous spDendra2-labeled FtsZ protein indicates that the clustered patterns of the Z-ring do not result from overexpression or malfunction of the FtsZ fusion proteins. Notably, in recent 3D SIM imaging of pneumococcal FtsZ, the heterogeneous fluorescence of the Z-ring appears in agreement with results of our PALM study ([@B17], [@B22], [@B23]). Our data argue against a model in which FtsZ molecules form a homogeneous and tightly packed ring and rather support the "patchy band" model. More generally, the coherence between our results, performed with an ovococcus model, and superresolution studies performed with two other bacterial morphological models (cocci and bacilli) indicates that the heterogeneous and clustered arrangement of the Z-ring throughout the cell cycle is conserved between species with different shapes and division modes. Of note, we never observed the helical patterns previously reported for the *E. coli* Z-ring ([@B16]).

Composition and assembly of a clustered pneumococcal Z-ring. {#s2.2}
------------------------------------------------------------

The granular arrangement of the Z-ring in our PALM images is further supported by the fact that the septal region of a pneumococcal cell does not contain enough FtsZ molecules to allow the assembly of a tightly packed Z-ring of 95-nm width. Indeed, as estimated by immunoblotting ([Fig. S2E](#figS2){ref-type="supplementary-material"}), the strain that we used for our work expresses \~3,500 copies of the endogenous FtsZ-spDendra2 fusion protein, with \~50% (i.e., \~1,750 molecules) of them being located at midcell during early division. Given the 4-nm length of a subunit in an FtsZ filament ([@B3]) and the \~930-nm diameter of predivisional Z-rings in *S. pneumoniae* ([Fig. 5B](#fig5){ref-type="fig"}), 1,750 septal FtsZ molecules may form a continuous filament of 7,000-nm length, encircling the division site 2 to 3 times. Pneumococcal FtsZ polymerizes *in vitro* as 5-nm-wide filaments ([Fig. S7](#figS7){ref-type="supplementary-material"} and [Text S1](#textS1){ref-type="supplementary-material"}). The width of 2 to 3 protofilaments arranged side by side as a monolayer therefore ranges between 10 and 15 nm, which is much lower than the average 95-nm value measured for the axial thickness of the predivisional Z-ring, even taking into account the broadening effect due to our \~38-nm resolution. Although it is not yet possible to calculate precisely how many protofilaments compose the Z-ring based on the measurement of its thickness, we can reasonably propose that the pneumococcal Z-ring cannot be made of homogeneously and tightly packed FtsZ filaments. Now that several studies performed with the three main morphological models (bacilli, cocci, and ovococci) have established that FtsZ assembles as a heterogeneous and clustered divisional ring, it will be important to determine the organization of the FtsZ filaments within the clusters. The fact that tilted Z-rings display a homogeneous thickness along the periphery of the ring suggests that the radial diameter of the Z-ring is approximately of the same dimension as the axial diameter, within our \~38-nm resolution limit. This observation therefore supports a model in which FtsZ filaments assemble in both the axial and the radial dimension to form three-dimensional clusters ([Fig. 7](#fig7){ref-type="fig"}). The mechanism by which FtsZ clusters assemble remains to be deciphered. Lateral interactions between FtsZ filaments might participate in the formation of clusters, but so far, only doublets of FtsZ filaments have been detected *in vivo* ([@B7]). Alternatively, FtsZ-interacting proteins might establish connections between FtsZ filaments, thereby inducing cluster formation and stabilization. Among the dozen FtsZ-interacting partners that have been identified so far ([@B25]), only five (FtsA, SepF, ZapA, EzrA, and FtsEX) are conserved in *S. pneumoniae*. Some of these proteins may be involved in the assembly of pneumococcal FtsZ filaments into clusters.

![Model of the nanostructure of the Z-ring in the cell cycle of ovococci. At the onset of a division cycle, FtsZ molecules (represented as light-pink squares) polymerize and form heterogeneous clusters, which are distributed within an \~95-nm-thick ring-like structure (the so-called Z-ring) at midcell. Three alternative paths are then proposed. In the first path (1), the predivisional Z-ring directly proceeds to constriction. In the second path (2), the single predivisional ring duplicates into two functional rings that progressively separate as the cell wall is synthesized at the division site (interpeak distances ranging from 50 to 300 nm). Upon constriction, the distance separating the double Z-rings decreases, and the unresolved rings are eventually imaged as an \~127-nm-thick single ring at midcell. In both paths, the FtsZ molecules start disassembling from the parental division site at stage iii and two new predivisional Z-rings appear at the future division sites of the daughter cells. Each newborn daughter cell will eventually display a single stage i Z-ring. In the third path (3), double rings are not functional for division and they are potentially resolved by an unknown proofreading or stress response mechanism. Blue boxes frame regions that have been magnified to illustrate the heterogeneous and clustered arrangement of the Z-ring, the splitting of the predivisional Z-ring before constriction, and the thickening of the apparent single Z-ring at stage ii. Dimensions measured in this work are indicated. Purple-red areas represent regions with high FtsZ density (FtsZ clusters). These regions have been magnified to illustrate the presence of FtsZ filaments (pink rectangles), potentially connected by FtsZ partners (green triangles). Gray areas represent regions of cell wall synthesis.](mbo0041524340007){#fig7}

The FtsZ clusters in our images are separated by low-density regions in which the concentration of FtsZ molecules is not significantly different from the cytoplasmic one. This observation suggests that the Z-ring might be discontinuous. However, because we imaged only 20% of the FtsZ molecules, we cannot exclude the possibility that the clusters are connected by very low concentrations of FtsZ filaments. In the future, it will be very interesting to determine the mechanism underlying the variations in FtsZ density within the ring.

Variation in the Z-ring nanostructure throughout the cell cycle in ovococci. {#s2.3}
----------------------------------------------------------------------------

Previous superresolution studies indicate that predivisional Z-rings in *E. coli* and *C. crescentus* display an axial thickness of \~110 and \~71 nm, respectively ([@B16], [@B19]). In pneumococcal predivisional cells, we observed Z-rings with an \~95-nm axial thickness. The difference between the values obtained for these three bacterial species with very different shapes suggests that the axial thickness of the Z-ring might be governed by physical constraints imposed by cell shape. Alternatively, proteins involved in the assembly and placement of the Z-ring might play an important role. *S. pneumoniae* is devoid of the canonical systems for Z-ring positioning, but recently, it was shown that the protein MapZ (midcell-anchored protein Z) forms ring structures at the cell equator before FtsZ and positions the Z-ring through direct protein-protein interactions ([@B22], [@B41]). Therefore, MapZ might have a role in the regulation of the Z-ring's thickness. On the other hand, the other positive FtsZ regulators (FtsA, ZapA, SepF, and FtsEX) may also be involved in the regulation of the Z-ring's dimensions.

Our data reveal that the axial thickness of the pneumococcal Z-ring increases by \~32 nm upon constriction. This variation is below the limit of the diffraction of light, which is why it has never been detected using conventional microscopy. Controversial data regarding the variation of the Z-ring dimensions throughout the *C. crescentus* cell cycle have been reported. While Biteen et al. reported an \~25-nm increase in the axial-Z-ring's thickness of one constricting cell ([@B14]), no variation was observed by Holden et al. ([@B19]), who performed their study on hundreds of cells. In *E. coli*, the dimensions of the Z-ring throughout the cell cycle have not yet been reported. Additional studies performed on different morphological groups of bacteria will be valuable to determine whether the thickening of the Z-ring during constriction is a general feature or is specific to ovococci.

The mechanism by which the pneumococcal Z-ring thickens upon constriction remains to be elucidated. It does not result from the additional recruitment of FtsZ molecules since the number of septal FtsZ molecules remains constant between stage i and stage ii, consistent with previous work from Strauss et al. showing that the amount of fluorescence remains constant during constriction in *B. subtilis* cells expressing an endogenous FtsZ-GFP fusion ([@B18]). Notably, this observation also indicates that the constriction of the Z-ring does not require the progressive loss of FtsZ molecules in the ring. On the other hand, the Z-ring width might increase to compensate for the decrease in its diameter, allowing the toroidal volume to remain constant. However, variations in toroidal volume cannot be discussed based on our PALM data because we could not observe any tilted Z-ring at stage ii of the cell cycle, and we therefore do not know whether the radial width of the Z-ring varies during constriction. An intriguing observation, which is the presence of double Z-rings in predivisional cells, might actually provide important clues regarding the mechanism through which the Z-ring thickens. This mechanism is discussed in the next section.

Pneumococcal FtsZ forms double rings. {#s2.4}
-------------------------------------

In 4% of the cells, we observed double Z-rings that were never reported for any other bacterial species. These double Z-rings might represent abnormal localizations that assemble either randomly or in response to stress. These structures might then get corrected by a mechanism ensuring the assembly and stabilization of a single annular Z-ring at midcell, and this possibility is integrated in the model proposed in [Fig. 7](#fig7){ref-type="fig"}. StkP, GpsB, or MapZ might participate as such a proofreading mechanism, as cells expressing a deficient StkP or cells lacking GpsB or MapZ display aberrant FtsZ patterns ([@B22], [@B31], [@B41], [@B42]).

The double Z-rings observed here, however, display several characteristics supporting the hypothesis that they might be functional and constitute an intermediate step in constriction. First, they are the only atypical FtsZ localization patterns that we detected in our PALM images, while one might expect nonfunctional FtsZ assemblies to adopt more-various structures. Second, double rings are never observed at the equatorial positions of cells at stage iii. Third, the \~853-nm diameter of these double Z-rings is in the range of stage i predivisional ring diameters. Fourth, the total number of imaged FtsZ-spDendra2 molecules in the double rings corresponds to the number of molecules that are imaged in stage i single rings. Fifth, the distance separating the double rings ranges between \~50 and 300 nm, which fits in the \~300-nm distance separating the double rings of MapZ, the recently discovered FtsZ positioning protein ([@B22]). All together, these data suggest that the double Z-rings might correspond to a physiological intermediate structure, possibly building up just before constriction, between stage i and stage ii ([Fig. 7](#fig7){ref-type="fig"}). In this model, the predivisional single Z-ring (stage i) has to undergo splitting through a mechanism that remains to be deciphered. As was proposed for the splitting of the equatorial MapZ ring ([@B22]), initial cell wall synthesis performed by the division or the elongation machinery may allow splitting of the predivisional Z-ring and separation of the double rings.

Our model predicts that the axial thickness of the Z-ring in unconstricted cells should increase until the two rings are distinguishable and then decrease again as the two rings merge. The values obtained for the Z-ring's axial thickness and for the distance separating the double rings are in agreement with this prediction. Indeed, the axial thickness of the Z-ring in unconstricted cells ranges from \~75 to \~210 nm; this variability might therefore arise from the progressive separation or merging of unresolved rings. In addition, the double rings are separated by various distances (\~50 to 300 nm), which potentially correspond to different stages in the separation or merging process. Finally, at stage ii of the cell cycle, we did not detect the presence of double Z-rings, possibly because they have merged or because the invagination of the cytoplasmic membrane has reduced the distance between the double Z-rings to a value below our resolution limit. The potential presence of unresolved double Z-rings at stage ii might explain why we see a thickening of the apparent single Z-ring at this stage. In our model, we therefore propose that the thickening of the Z-ring during constriction might result from the juxtaposition of two unresolved Z-rings.

In the future, PALM studies of the Z-ring in *mapZ* mutants, in mutants impaired for septal or peripheral cell wall synthesis, or in the presence of β-lactam antibiotics will be required to test our model and elucidate the mechanism of double-Z-ring formation and separation.

Conclusions. {#s2.5}
------------

The nanostructural details provided in this work are consistent with a model ([Fig. 7](#fig7){ref-type="fig"}) in which, at the onset of the cell cycle, FtsZ filament clusters form an \~95-nm-thick ring-like structure stabilized by FtsZ-interacting partners and are potentially connected by low concentrations of FtsZ filaments. The observation of a double-Z-ring phenotype in a small fraction of the population suggests that the predivisional Z-ring might then separate into two rings, an event possibly induced by the initiation of cell wall synthesis at midcell. The two Z-rings would then come close to each other during constriction and eventually disassemble from the parental division site while two new predivisional Z-rings appear at the future division sites of the daughter cells. Alternatively, the double Z-rings might constitute a nonfunctional state that occurs either randomly or in response to stress. This work is a first step toward the elucidation of the remodeling mechanisms of the Z-ring throughout the cell cycle in ovococci. Further investigations will require imaging of the Z-ring in pneumococcal cells lacking or depleted of proteins involved in Z-ring assembly, stabilization, and positioning, such as FtsA, ZapA, SepF, EzrA, GpsB, or MapZ. Finally, the presented data on *S. pneumoniae* should motivate the use of PALM in other pathogenic cocci like enterococci or staphylococci.

MATERIALS AND METHODS {#h3}
=====================

Bacterial strains and plasmids. {#s3.1}
-------------------------------

Tables of strains, plasmids, and oligonucleotide primers and descriptions of their constructions can be found in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. The spDendra2 synthetic gene was ordered from GeneArt Gene Synthesis (Life Technologies). Allelic replacements were performed using the Janus method as described previously ([@B42]). Briefly, we used a two-step procedure based on a bicistronic *kan-rpsL* cassette called Janus ([@B43]) to replace the *ftsZ* gene with the *ftsZ-*spDendra2 gene fusion form. This method avoids polar effects and allows expression of the fusion proteins at physiological levels.

Growth conditions, media, and bacterial transformation. {#s3.2}
-------------------------------------------------------

Liquid cultures of *S. pneumoniae* strains were grown at 37°C in C medium supplemented with 0.5% yeast extract (CY) ([@B44]) or in Todd Hewitt medium (TH; BD Sciences). For strains harboring a zinc-inducible plasmid, CY was supplemented with 0.15 mM ZnCl~2~ for expression of the fusion proteins. For transformation, \~250 ng of DNA was added to cells treated with synthetic competence stimulating peptide 1 in TH supplemented with 1 mM CaCl~2~. Cells were grown for 2 h at 37°C, and transformants were selected on Columbia blood (4%) agar plates containing the appropriate antibiotics (tetracycline, 2.5 µg ⋅ ml^−1^; streptomycin, 200 µg ⋅ ml^−1^; or kanamycin, 250 µg ⋅ ml^−1^).

Immunoblot analysis. {#s3.3}
--------------------

*S. pneumoniae* cells grown at 37°C in CY were harvested at an optical density at 600 nm (OD~600~) of 0.3, concentrated 30-fold in Laemmli buffer supplemented with 20 µg ⋅ ml^−1^ DNase, and heated to 95°C for 5 min. Whole-cell extracts and dilutions of recombinant pneumococcal FtsZ (purified as described in the previous paragraph) were then loaded onto 12.5% polyacrylamide precast gels (Bio-Rad), resolved by SDS-PAGE, and electroblotted onto nitrocellulose membranes (Bio-Rad). Membranes were blocked in phosphate-buffered saline (PBS)--0.03% Tween 20 with 5% nonfat milk and probed with rabbit anti-FtsZ serum ([@B29]) diluted 1:10,000 in PBS--0.03% Tween 20 with 3% bovine serum albumin (BSA). Primary antibodies were detected using horseradish peroxidase-conjugated goat, anti-rabbit IgG (1:10,000; Sigma-Aldrich) and the enhanced-chemiluminescence (ECL) Western blotting reagent kit as described by the manufacturer (Thermo Scientific Pierce). For determination of the FtsZ cellular concentration, the intensity of the bands was quantified using ImageJ (<http://imagej.nih.gov/ij/>) and the recombinant pneumococcal FtsZ samples were used as the reference samples.

Conventional fluorescence microscopy image acquisition and analysis. {#s3.4}
--------------------------------------------------------------------

Cells were grown at 37°C in CY to an OD~600~ of 0.3, transferred to microscope slides, and observed at room temperature using an Olympus BX61 optical microscope equipped with a UPFLN 100× O-2PH/1.3 objective and a QImaging Retiga-SRV 1394 cooled charge-coupled-device (CCD) camera. Images were acquired using the Volocity software package. Image analysis was performed using MicrobeTracker Matlab software ([@B45]).

PALM setup and acquisition method. {#s3.5}
----------------------------------

*S. pneumoniae* cultures used for live- and fixed-cell imaging were grown at 37°C in CY depleted of riboflavin until an OD~600~ of 0.3 was reached. For live-cell imaging, cells were transferred to Gelzan (Sigma-Aldrich) pads containing C medium. For fixed-cell imaging, cells were fixed for 30 min at 20°C in the culture medium containing 2% paraformaldehyde and washed three times with PBS before transfer to thoroughly cleaned microscopy slides (Star-Frost; Light Labs.). We verified that these fixation conditions did not impair Z-ring functioning. First, we showed that *S. pneumoniae* cells grown at 37°C are able to divide without any lag time when placed on agarose or Gelzan pads at 20°C ([Fig. S2A](#figS2){ref-type="supplementary-material"}); second, we checked that all cells fixed under these conditions display a septal Z-ring ([Fig. 2A](#fig2){ref-type="fig"}); and third, we verified that Z-rings display similar features when cells are fixed at 37°C using 1% paraformaldehyde. For fixed-cell imaging, gravity was sufficient to obtain fields of immobile bacteria lying on the same focus plane at the surfaces of microscope slides. Images were acquired at 20°C with a home-built PALM setup based on an Olympus IX81 microscope (Olympus, Japan) and equipped with diode-pumped solid-state lasers at 405 nm (CrystaLaser), 488 nm (Spectra-Physics), and 561 nm (Cobolt, Jena). Wide-field illumination was achieved by focusing the circularly polarized laser beams to the back focal plane of a 100× 1.49-numerical-aperture (NA) oil immersion apochromatic objective lens (Olympus). The intensity and time sequence of laser illumination at the sample was tuned by an acousto-optical tunable filter (AOTF; Quanta Tech). To prevent sample drift during data acquisition, the samples were placed on an IX2-NPS nosepiece stage (Olympus) fixed directly on the objective. Fluorescence images were acquired with an Evolve back-illuminated electron micrograph CCD camera (Photometrics) controlled by the MetaMorph software (Molecular Devices). For PALM data collection, spDendra2 photoconversion was achieved at 405 nm by ramping up the power density from 1% to 100% of a typical maximum value of 14.4 W ⋅ cm^−2^, so as to counterbalance for the decrease of the available pool of nonphotoconverted molecules. Excitation of red photoconverted spDendra2 was performed at 561 nm with a typical power density of 8.8 × 10^3^ W ⋅ cm^−2^ at beam center, which was adjusted so that most molecules were imaged and photobleached within 1 to 2 frames ([Fig. S2D](#figS2){ref-type="supplementary-material"}). Images were collected until photoconversion of spDendra2-FtsZ molecules became very infrequent, which usually happened after \~5,000 frames ([Fig. S2C](#figS2){ref-type="supplementary-material"}). To minimize autofluorescence induced by near-UV light illumination, PALM data sets were acquired using an alternate illumination scheme ([Fig. S2B](#figS2){ref-type="supplementary-material"}) consisting of 405-nm illumination periods of 21 ms (for fixed cells) or 10 ms (for live cells) for photoconversion, followed by 561-nm illumination readout periods of 30 ms or 15 ms for fixed and live cells, respectively.

General data processing and statistical analysis. {#s3.6}
-------------------------------------------------

All data processing was realized with Matlab (MathWorks). In order to test for statistical significance, *P* values were obtained by performing Student tests on all analyses. We set the significance level of our analyses to 1%.

PALM image reconstruction. {#s3.7}
--------------------------

Localizations of spDendra2-FtsZ molecules were determined by Gaussian least-squares fitting ([@B26], [@B46]). A mean localization precision of \~22 nm was typically found, and the detected photon budget per molecule was calculated to be \~420 photons/mol. Image rendering and molecular counting correcting for spDendra2 blinking was realized with homemade Matlab routines as described by Avilov et al. ([@B26]). Image rendering was realized by blurring each localization by convolution with a 2D Gaussian profile with the full width at half-maximum (FWHM) equal to the localization precision and by final binning with a pixel size of 8 nm. The spatial resolution of the reconstructed PALM images was estimated using the method of S. H. Shim et al. ([@B47]); the number of molecules (*N*) within segmented areas (*A*, typically Z-ring cross sections) was calculated, and the mean Nyquist resolution was given by $r \approx {\langle{2/\sqrt{N/A}}\rangle}$. Using that method, and averaging over 56 Z-rings of cells at stage i, we found a resolution of \~38 nm.

Counting of imaged spDendra2 molecules. {#s3.8}
---------------------------------------

Molecular counting was performed according to the method described by Avilov et al. ([@B26]). Briefly, we corrected for spDendra2 blinking by using an upgraded version of the clustering optimization procedure proposed by Lee et al. ([@B27]), in which the photophysical behavior of spDendra2 was iteratively extracted from the experimental data itself. Under our experimental conditions, spDendra2 exhibited a photobleaching quantum yield of \~2.6 × 10^−5^, a blinking-off quantum yield of \~7.4 × 10^−6^, and a blinking-on rate of \~14.8 s^−1^. Perhaps due to the specific environment encountered in *S. pneumoniae* cells, the blinking behavior of spDendra2 was found to be significantly reduced compared to that from our previous observations in mammalian cells ([@B26]). Of note, the number of imaged FtsZ-spDendra2 molecules was not significantly different when fixation was performed at 37°C using 1% paraformaldehyde.

Analysis of Z-ring geometry. {#s3.9}
----------------------------

Using MicrobeTracker, each cell was manually selected and oriented with the longitudinal cell axis parallel to the *x* axis. The pixel intensities along the *y* axis were then averaged and plotted against the *x* axis. Using a homemade Matlab script, the intensity plot was then fitted with a Gaussian function to measure the width at half-maximum of the peak, which was used as the axial thickness of the corresponding Z-ring.

PALM imaging simulation. {#s3.10}
------------------------

Simulation of PALM imaging was performed as previously described ([@B26]), with the following modifications. 2D areas with dimensions corresponding to mean diameter and axial thickness values of the Z-ring imaged at stages i, ii, and iii of the cell cycle were designed under ImageJ. Using our Matlab-based simulation software ([@B26]), the experimental number of molecules imaged at each stage was randomly introduced into these 2D areas, with the same background levels as in the experiments. Simulation of the stochastic activation and imaging of these molecules were then performed as described in reference [@B26], and the simulated PALM image was reconstructed using the same scripts and parameters that were used to process experimental PALM data.

SUPPLEMENTAL MATERIAL {#sm1}
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FtsZ expression, purification, *in vitro* polymerization assay, and electron microscopy data collection. Download
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Text S1, PDF file, 0.1 MB
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The fusion between FtsZ and engineered spDendra2 is functional in *S. pneumoniae*. (A) DNA sequence alignment of the Dendra2 and spDendra2 genes. (B) Amino acid sequence alignment of Dendra2, spDendra2, and GFP. Strictly conserved nucleotides and amino acids are boxed in black; pairs of purines, pyrimidines, and residues that are conserved or similar in at least two proteins in the alignment are boxed in gray. Dashed boxes indicate the modified N- and C-terminal regions. The chromophore is underlined in black. (C) Expression levels of native FtsZ (strain R6, left lane) and endogenous FtsZ-spDendra2 (FtsZ-spD2, strain spMJ40, right lane). Samples of cultures were harvested at an OD~600~ of 0.3 for the preparation of protein extracts. Equivalent amounts of total proteins for each sample were separated by SDS-PAGE, blotted to membranes, and analyzed by immunoblotting using anti-FtsZ serum. Positions of molecular mass markers are indicated by the numbers (in kilodaltons) to the left of the blots. (D) Monitoring of the growth of strains R6 (dark-gray curve) and spMJ40 (light-gray curve). Exponentially growing cells were resuspended to a final OD~600~ of 0.03 in TH medium, and growth was monitored at 37°C by measuring the OD~600~ every 20 min with a multiwell plate reader (FLUOstar Optima; BMG Labtech). Experiments were performed in triplicate. (E) Average cell length and diameter (in micrometers) of strains R6 (dark-gray histograms) and spMJ40 (light-gray histograms). Error bars represent standard deviation values. Download
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Characteristics of PALM data collection on FtsZ-spDendra2. (A) Phase-contrast time-lapse microscopy images of live dividing *S. pneumoniae* cells at 20°C. Cells were grown at 37°C in CY to an OD~600~ of 0.3, were then directly transferred to agarose pads containing CY, were incubated at 20°C, and were imaged at various time points. (B) Schematic representation of PALM imaging cycles using alternative illumination with the 405-nm activation laser (purple line) and 561-nm excitation laser (cyan line). The intensity of the excitation laser was kept constant throughout the data collection, while the intensity of the activation laser was regularly increased to compensate for the bleaching of the pool of FtsZ-spDendra2 over time. (C) Cropped regions (32 by 32 pixels) of typical PALM images collected on fixed cells expressing the endogenous FtsZ-spDendra2. Each frame was collected in 30 ms. Scale bar = 1 µm. (D) Cumulative curve showing the amount of imaged FtsZ-spDendra2 molecules over time. (E) Immunoblot quantification of the number of FtsZ-spDendra2 copies in pneumococcal cells. Lanes 1 to 7, recombinant FtsZ was purified as described previously ([@B30]) and quantified by bicinchoninic acid (BCA) dosage (Pierce). From left to right, 255 ng, 128 ng, 64 ng, 51 ng, 32 ng, 25.5 ng, and 13 ng of FtsZ were loaded onto the gel. In lanes 8 to 9, cells expressing the endogenous FtsZ-spDendra2 fusion were lysed at an OD~600~ of 0.3 in Laemmli buffer supplemented with DNase, RNase, and a protease inhibitor (Complete; Roche). Ten microliters and 5 µl were loaded onto the gel in lanes 8 and 9, respectively. Proteins were separated by SDS-PAGE, blotted to membranes, and immunoblotted using anti-FtsZ serum. Positions of molecular mass markers (in kilodaltons) are indicated on the left of the blot. Download
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PALM images of representative patterns of the Z-ring throughout the pneumococcal cell cycle. Typical pneumococcal cells expressing the endogenous FtsZ-spDendra2 fusion (spMJ40) were classified into three stages defined by the diameter of the Z-ring, the cell length, and the distribution of FtsZ at the division site of the mother cell and the division sites of the two daughter cells. Cells were fixed and imaged at an OD~600~ of 0.3. Bright-field (a), diffraction-limited (b), and reconstructed PALM (c) images are shown. Scale bars = 250 nm. Download
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Large fields of *S. pneumoniae* cells expressing fusions between FtsZ and spDendra2. (A) Fixed pneumococcal cells expressing an ectopic spDendra2-FtsZ fusion (spCM72); (B) live pneumococcal cells expressing an endogenous FtsZ-spDendra2 fusion (spMJ40). Cells were either fixed or directly imaged at an OD~600~ of 0.3. Bright-field (a) and reconstructed PALM (b) images are shown. Red arrowheads point at cells in one of the three stages described in [Fig. 3](#fig3){ref-type="fig"} or at a cell displaying a double ring (DR) of FtsZ, as illustrated in [Fig. 6](#fig6){ref-type="fig"}. Gray-boxed inset images are 5-fold magnifications of one predivisional PALM pattern displayed in panel b. Dashed gray lines represent the periphery of the cell. Scale bars = 2 µm. Download
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Cluster analysis of tilted Z-rings. (A) Tilted pneumococcal cells (spMJ40) displaying tilted rings of FtsZ-spDendra2. Cells were fixed and imaged at an OD~600~ of 0.3. Bright-field (a), diffraction-limited (b), and reconstructed PALM (c) images are shown. Scale bars = 250 nm. (B) Cluster analysis of the tilted rings shown in panel A using the DBSCAN algorithm ([@B38]). Different colors are used to visualize the different clusters. The cluster diameter threshold was set at 22 nm. Nonclustered molecules are shown as black dots. Download
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Pneumococcal FtsZ displays double-ring patterns. (A) Pneumococcal cells expressing an endogenous FtsZ-spDendra2 fusion (spMJ40) (top panels) or an ectopic spDendra2-FtsZ fusion (spCM72) (lower panels) were fixed and imaged at an OD~600~ of 0.3. Bright-field (a), diffraction-limited (b), and reconstructed PALM (c) images are shown. Scale bars = 250 nm. (B and C) Characterization of the double Z-rings. Mean values of the Z-ring diameter (A) and the number of imaged septal FtsZ-spDendra2 molecules (B) are reported for cells in the early (Z-ring diameter \> 800 nm \[dark gray\]) or late (Z-ring diameter \< 700 nm \[black\]) division stage and for cells displaying double Z-rings (light gray). Error bars represent standard deviation values. Download
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*In vitro* polymerization of purified recombinant pneumococcal FtsZ. Purified recombinant FtsZ (5 μM) was incubated for 15 min at room temperature in buffer containing 50 mM Hepes pH 7.6, 200 mM KCl, 5 mM MgCl2, in the absence (upper panel) or in the presence of 5 mM GTP. The samples were stained with uranyl acetate for electron microscopy imaging. Scale bars = 20 nm. FtsZ assembles into filaments with a broad length distribution centered on 100 nm and a homogeneous width of 5 nm. Download
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Strains, plasmids, and oligonucleotide primers used in this study.
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